Abstract In the present work effect of EGR at advanced injection on combustion characteristics of a diesel engine was investigated. A 4.4 kW stationary diesel engine was used in this work and test was conducted at different percentage of EGR at advanced fuel injection timing. When compared to standard injection timing longer delay period, higher cylinder peak pressure, higher maximum heat release rate and shorter combustion duration were observed at advanced injection timing. When exhaust gases were recycled into the combustion chamber at advanced injection timing, delay period, peak pressure, MHRR and combustion duration were found to be increased than those of measured without EGR. 
Introduction
Compression ignition engines contribute significantly in polluting the environment. Several investigations were carried out to reduce the pollutants and the attempts are still in progress [1] [2] [3] [4] [5] [6] [7] [8] [9] . Incylinder control techniques are quite useful in reducing the pollutants of a CI engine since they are economical when compared to treatment of exhaust gases [10] . If the side effects of the incylinder modification techniques are properly addressed, these techniques will play a major role in the reduction of pollutants of CI engine. Higher NOx emission and higher smoke emission are the two major side effects during the incylinder modification methods of retarding and advancing the fuel injection timing respectively as reported by researchers during their investigation [1] [2] [3] [4] [5] [6] [7] [8] [9] . Higher NOx emission resulted through advanced fuel injection timing can be reduced by introducing EGR. This will lower the peak temperature and hence NOx emission. Effect of EGR at advanced injection timing was investigated by the authors [11] . Higher NOx emission at advanced injection timing was reduced significantly by introducing EGR. In the present work combustion parameters of the engine at the advanced injection timing with EGR are discussed. The main objective of this work was to investigate the combustion characteristics of a diesel engine at advanced injection timing and at different percentage of EGR.
Experimental programme

Fuel injection timing and EGR [11]
The start of fuel injection was determined at static conditions using spill method. Tests were conducted on the engine incorporated with cooled EGR. The schematic of the experimental setup is shown in Fig. 1 . The technical specifications of the engine used in the investigation are given in Table 1 .
Measurement of combustion parameter
The pressure inside the combustion chamber was measured using an AVL GH12D miniature pressure transducer (sensitivity of 15 piezo charge (pC)/bar) connected to an AVL3066A02 Piezo Charge Amplifier. The pressure transducer was mounted on the cylinder head at the centre to minimize any error. The crank angle and the position of top dead centre (TDC) were measured using an AVL364 Angle Encoder (resolution of 0.5 deg. CA) mounted rigidly on the camshaft of the engine. The outputs of the charge amplifier and the encoder were connected to an AVL 615 Indimeter A/D card, which converts analogue input to digital output.
Testing procedure
Tests were conducted on the engine fuelled with diesel. Properties of diesel are given in Table 2 . The engine was operated with the combination of injection timing and EGR as given in Table 3 . The tests were conducted at a constant speed of 1500 rpm. In each trial, the engine was tested at various loads starting from no load to full load and at each load the combustion parameters were recorded.
Results and discussion
Combined effect of injection timing and EGR on the combustion characteristics of diesel engine was presented by comparing the same with normal operating condition (parameters measured at standard injection timing without EGR).
Combustion chamber pressure
Variation of combustion chamber pressure with crank angle degree (CAD) at advanced injection timing at different percentage of EGR is presented in Fig. 2 by comparing them with that of normal operating condition. It is observed that at advanced injection timing combustion chamber pressure is marginally higher compared to normal operating condition after the start of combustion. This is due to the longer ignition delay at advanced injection timing. As a result of this, start of combustion is delayed and heat is released by the accumulated fuel during the delay period raising the combustion chamber pressure. Introducing exhaust gases at this timing absorbed the heat energy released by the combustion which lowers the combustion chamber pressure. It is also observed that as the percentage of EGR increases the combustion chamber pressure decreases.
Delay period
The ignition delay of diesel as a result of advanced injection timing and different percentage of EGR at different BMEPs is compared with normal operating condition and is shown in Fig. 3 . It can be observed that the delay period of all the fuels decreases with increase in BMEP. Increase in fuel vaporization as a result of higher temperature inside the cylinder at higher BMEPs reduced the chemical delay which decreases the delay period. It can also be observed that at advanced injection timing the period is longer by about 15% than that of standard injection timing. Earlier injection of fuel affects its rate of vaporization since the temperature and pressure exist in the combustion chamber were lower than that of standard injection timing and resulted in longer delay period. It is observed that recirculation of exhaust gases at advanced injection timing increases the delay period by about 6%. As oxygen concentration is decreased with EGR, delay period increases.
Peak pressure
The results of advanced injection timing and EGR on the variation of peak pressure with respect to BMEP for diesel are shown in Fig. 4 . It is observed that the peak pressure increases with increase in BMEP. As the BMEP increases the quantity of fuel burned also increases and releases more energy which increases the cylinder peak pressure. It is also observed that at advanced injection timing, a marginal increase in cylinder peak pressure by about 3% was observed at all BMEPs. As discussed in Section 3.2 earlier injection increases ignition delay which increases the quantity of fuel burned in the uncontrolled combustion phase. As a result of this higher peak pressure is observed at advanced injection timing at all BMEPs.
Introducing exhaust gases at this advanced injection timing increases cylinder peak pressure marginally and the increase in peak pressure is directly proportional to percentage of EGR.
Heat release rate
Fig . 5 shows the heat release rate at advanced injection timing with different percentage of EGR by comparing with normal operating condition at rated load. The heat release curve shows the potential availability of heat energy, which can be converted into useful work. When compared to standard injection timing, the maximum heat release rate at advanced injection timing is higher by about 15% and occurs earlier than that of standard injection timing. As a result of earlier injection of fuel, combustion starts earlier than that of standard injection timing and the compression of burned gases by the piston causes raise in pressure and temperature of the gases in the combustion chamber. It is observed that introducing exhaust gases at this timing delayed the combustion process and makes the uncontrolled combustion phase more intense and resulted in higher heat release rate. Figure 3 Variation of delay period. Effect of EGR at advanced injection timing
Combustion duration
Combustion duration (crank angle interval required to release 90% of the heat energy after the start of combustion) at advanced injection timing with different percentage of EGR at different BMEPs is presented in Fig. 6 by comparing with normal operating condition. It is observed that combustion duration increases with BMEP due to the increase in quantity of fuel injected at higher BMEP. It is also observed that combustion duration at advanced injection timing is shorter by about 10% than that of standard injection timing. At advanced injection timing combustion starts earlier and the temperature exists in the combustion chamber increases due to the compression of the burned gases by the movement of the piston towards TDC. This improves the burning of the mixture and reduced the combustion duration. It is also observed that as a result of EGR the combustion duration is increased by about 5%.
Conclusion
Experimental investigation has been carried out to study the combustion characteristics of a stationary diesel engine at advanced injection timing with EGR and the results were compared with that of standard injection timing. At advance injection timing longer delay period, higher cylinder peak pressure, higher maximum heat release rate and shorter combustion duration were observed than those at standard injection timing. In the present work combined effect of advanced fuel injection timing and EGR on engine combustion characteristics was also investigated. As a result of combined effect maximum heat release rate, delay period, peak pressure, MHRR and combustion duration were increased. From the experimental results it can be concluded that NOx and smoke emission can be controlled simultaneously with less variation in combustion characteristics of the engine. Figure 5 Variation of heat release rate. Figure 6 Variation of combustion duration.
